Deprivation of patterned vision of frontal eyed mammals early in postnatal life alters structural and functional attributes of neurones in the central visual pathways, and can produce severe impairments of the vision of the deprived eye that resemble the visual loss observed in human amblyopia. A traditional approach to treatment of amblyopia has been the occlusion of the stronger fellow eye in order to force use of the weaker eye and thereby strengthen its connections in the visual cortex. Although this monocular treatment strategy can be effective at promoting recovery of visual acuity of the amblyopic eye, such binocular visual functions as stereoscopic vision often remain impaired due in part to the lack of concordant vision during the period of unilateral occlusion. The recent development of binocular approaches for treatment of amblyopia that improve the possibility for binocular interaction have achieved success in promoting visual recovery. The full and rapid recovery of visual acuity observed in amblyopic kittens placed in complete darkness is an example of a binocular treatment whose success may in part derive from a restored balance of visually-driven neural activity. In the current study we examined as an alternative to dark rearing the efficacy of binocular lid suture (BLS) to stimulate anatomical and visual recovery from a preceding amblyogenic period of monocular deprivation. In the dorsal lateral geniculate nucleus (dLGN) of monocularly deprived kittens, darkness or BLS for 10 days produced a complete recovery of neurone soma size within initially deprived layers. The growth of neurone somata within initially deprived dLGN layers after darkness or BLS was accompanied by an increase in neurotrophin-4/5 labeling within these layers. Although anatomical recovery was observed in both recovery conditions, BLS failed to promote any improvement of the visual acuity of the deprived eye no matter whether it followed immediately or was delayed with respect to the prior period of monocular deprivation. Notwithstanding the lack of visual recovery with BLS, all animals in the BLS condition that were subsequently placed in darkness exhibited a substantial recovery of visual acuity in the amblyopic eye. We conclude that the balanced binocular visual input provided by BLS does not stimulate the collection of neural events necessary to support recovery from amblyopia. The complete absence of visually-driven activity that occurs with dark rearing evidently plays an important role in the recovery process.
Introduction
There is growing awareness of the beneficial outcomes associated with binocular approaches to treatment of amblyopia, a visual impairment that develops from unequal visual experience between the two eyes early in postnatal life (Birch, 2013; Hess, Thompson, & Baker, 2014; . The success of binocularbased amblyopia treatments may be rooted in the visual system's inherent preference during postnatal development for concordant binocular input (Mitchell, Kennie, & Duffy, 2011) . Disruption of normal binocular input in mammals by such extreme manipulations as monocular deprivation early in development has profound negative consequences for the structure and function of neurones as early in the visual pathway as the thalamus. In the dLGN of monocularly deprived kittens, the somata of neurones that receive their exclusive ocular input from the deprived eye are smaller relative to their counterparts that receive innervation from the nondeprived eye (Wiesel & Hubel, 1963a) . The geniculocortical afferents from the deprived eye have less complex axon terminal fields (Antonini & Stryker, 1993) , and the dendrites of deprived neurones can be rendered thin and tortuous (Friedlander, Stanford, & Sherman, 1982) . Electrophysiological recordings from single neurones in primary visual cortex of monocularly deprived kittens http://dx.doi.org/10.1016/j.visres.2014.12.012 0042-6989/Ó 2014 Elsevier Ltd. All rights reserved. reveal significant and rapid alterations that include a shift in ocular dominance that substantially reduces the number of neurones that can be excited by monocular stimulation of the deprived eye, and which leaves a virtual absence of binocularly responsive cells (Freeman & Olson, 1979; Wiesel & Hubel, 1963b) . Although methods that employ binocular visual stimulation reveal residual influences from the deprived eye, the responses are grossly abnormal in both monocularly deprived cats (Freeman & Ohzawa, 1988) and monkeys (Smith et al., 1997) . In kittens, severe impairment of the vision of the deprived eye is also readily apparent (Dews & Wiesel, 1970; Giffin & Mitchell, 1978) , and presumably originates from the deprivation-induced changes to neuron structure and function at various levels in the visual pathway.
Some anatomical, physiological, and behavioral recovery from the effects of monocular deprivation in kittens can occur provided that early in development the deprivation is relieved to either restore normal visual input to both eyes, or if there is a reversal of the initial deprivation (reverse occlusion) so that at the time visual input is restored to the deprived eye, the fellow eye is occluded (Blakemore & Van Sluyters, 1974; Olson & Freeman, 1978; Mitchell, Cynader, & Movshon, 1977) . Greater eventual recovery of the visual acuity of the initially deprived eye is observed when the deprivation is reversed than when the deprived eye is simply opened to provide binocular visual input (Mitchell, Cynader, & Movshon, 1977; Mitchell, 1988) ; however, recovery in both conditions is rather slow, and neither condition promotes the restoration of normal binocular interaction (Mitchell, Cynader, & Movshon, 1977; Olson & Freeman, 1978) . Interestingly in monkeys, restoration of simultaneous visual input to both eyes subsequent to monocular deprivation (binocular recovery) is not sufficient to promote physiological recovery in the primary visual cortex, while forced usage of the deprived eye through reverse occlusion yields similar physiological recovery in the visual cortex to that observed in kittens but likewise precludes development of normal binocularity (Blakemore, Garey, & Vital-Durrand, 1978; Blakemore, Vital-Durand, & Garey, 1981) . The benefits of treatments for amblyopia that improve the visual acuity of the amblyopic eye by means of procedures that encourage binocular interactions have recently been reviewed in relation to the results of conventional methods of treatment that in many but not all cases involve periods of penalization of the visual input to the fellow eye (Birch, 2013; Hess et al., 2014; . Among these potential treatments for amblyopia is the use of periods of complete darkness, which has been shown to promote recovery of visual acuity in adult rats and kittens (Duffy & Mitchell, 2013; He, Ray, Dennis, & Quinlan, 2007) . In kittens monocularly deprived for seven days, the soma size of deprived dLGN neurones recovers in complete darkness to the extent that following 8 days in darkness deprived neurones grew to match the size of non-deprived counterparts (O'Leary, Kutcher, Mitchell, & Duffy, 2012) . Kittens that had developed a significant and stable amblyopia from a week of monocular deprivation showed rapid and complete recovery of visual acuity in the deprived eye following 10 days spent in complete darkness (Duffy & Mitchell, 2013) . The remarkable visual recovery precipitated in amblyopic kittens following immersion in darkness raises the intriguing possibility that this approach could be translated to treatment of human amblyopia. The practical and infrastructural demands of implementation of darkness as a treatment for human amblyopia has led us to examine in kittens the potential of alternative treatment regimes that are also based on the maintenance of binocular visual balance. In the current study we examined the efficacy of binocular eyelid closure to mimic translucent binocular bandaging as a more practical alternative to immersion in complete darkness.
The use of binocular deprivation by either dark rearing or binocular lid closure has enriched our understanding of the contribution of early visual experience to the development of the visual system (Daw, 2006; Mitchell & Timney, 1984) . However, it is important to recognize that the consequences of these two forms of binocular deprivation on neural development are not equal (Blais et al., 2008; Mower, Berry, Burchfiel, & Duffy, 1981) , and the differences derive from the kind of visual deprivation that each provides. Whereas darkness results in the complete deprivation of all visual stimulation, binocular eyelid suture allows transmission of some light (Crawford & Marc, 1976) and low spatial frequency form information that can both support brightness discrimination as well as permit cortical neurones to respond to the diffuse light that passes through the eyelids with visual stimulation (Loop & Sherman, 1977; Spear, Tong, & Langsetmo, 1978) . Because binocular eyelid suture results in an equally degraded signal for each eye (Blais et al., 2008) , it could be argued that both deprivation conditions provide balanced geniculocortical activity from the two eyes through either balanced impoverished visual stimulation (for binocular eyelid closure), or the complete lack of any visually-driven neural activity (for dark rearing). Here we present results in which the effectiveness of binocular eyelid suture is examined as an alternative recovery strategy to darkness for deprivation amblyopia in kittens. Our data indicate that while binocular lid suture and dark rearing both promote recovery of dLGN soma size in monocularly deprived kittens, only complete elimination of visual experience by dark rearing produces a recovery of the visual acuity of the amblyopic eye.
Methods

Animals and conditions
Anatomical and behavioral experiments were conducted on 24 male and female kittens that were born and raised in a closed laboratory colony at Dalhousie University. All experiments followed protocols approved by the University Committee on Laboratory Animals in accordance with policies established by the Canadian Council on Animal Care, which were in accordance with The Code of Ethics of the World Medical Association (Declaration of Helsinki).
Anatomical studies were performed on 16 animals separated into four groups: normal kittens raised to postnatal day (PND) 37-40 (n = 4); kittens monocularly deprived for 7 days at PND 30 (n = 4); kittens monocularly deprived at PND 30 for 7 days that were then placed in complete darkness for 10 days (n = 4); and kittens monocularly deprived at PND 30 for 7 days that then received BLS for 10 days (n = 4).
Behavioral experiments were conducted on 8 kittens that were monocularly deprived by eyelid suture for 7 days at about PND 30 (29-31), the peak of the critical period for ocular dominance plasticity (Olson & Freeman, 1980) . The 8 animals were divided into two groups of 4 that differed in the age at which BLS occurred with respect to the prior period of monocular deprivation (MD). For the 4 kittens in the Immediate BLS (IBLS) Group, the two periods of deprivation were contiguous while for the other, the Delayed BLS (DBLS) Group, the period of BLS occurred 8 weeks after the period of MD. For animals in the IBLS group, the eyelids of the nondeprived eye were sutured closed at the end of the period of MD for 10 days at which time the eyelids of both eyes were opened to allow simultaneous vision during which time longitudinal measurements of the visual acuity of each eye were made to document the extent of visual recovery. By contrast, for animals assigned to the DBLS group, eyelids of the deprived eye were opened after the period of MD to allow for an 8-week period of simultaneous binocular exposure. Longitudinal measurements of the visual acuity of each eye were measured throughout this period so as to doc-ument the emergence of amblyopia in the deprived eye. At the end of the period of binocular exposure these 4 animals were binocularly deprived by eyelid suture for 10 days after which the two eyes were opened and longitudinal measurements of visual acuity were continued. As binocular eyelid suture did not produce the same beneficial effects as were observed previously in animals placed at the identical ages in complete darkness (Duffy & Mitchell, 2013) , the potential effectiveness of the latter was examined in all 8 animals by placing them in darkness for 10 days at 19-21 weeks. The darkroom facility for which a detailed description has been made recently (Mitchell, 2013) was used to eliminate all visually-driven experience for these kittens. The kittens were placed with their mother and littermates within a large communal custom-built cage (1.5 M Â 0.7 M Â 0.9 M) equipped with two ledges inside the light-tight darkroom. A radio attached to a timer switch was turned on and off according to a 12:12 cycle that corresponded to the light:dark cycles of the standard colony rooms in order to maintain the kittens on their regular circadian activity cycle. A summary of the timing of the various experiential manipulations for all the animals in the two behavior groups is included in Table 1 . All animals in the anatomical and behavioral components of this study that were placed in complete darkness always had their eyelids opened prior to being put into the dark.
Surgery
Monocular and binocular deprivation surgeries were performed under gaseous isoflurane anesthesia (2-3% in oxygen) and involved closure of the upper and lower palpebral conjunctivae with vicryl suture material, following which the eyelids were closed with silk suture. The surgical procedures used for eyelid suture have been optimized for minimal invasiveness and for behavioral measurements to be taken subsequent to reopening. Details of the eyelid closure procedure have been published (Murphy & Mitchell, 1987) . Once anesthetized, animals received a subcutaneous injection of Anafen for post-procedure analgesia, and were also given a broad-spectrum topical antibiotic (1% Chloromycetin).
Histology
Animals were euthanized with a lethal dose of sodium pentobarbital (Euthanyl; 150 mg/kg) after which brain tissue was exsanguinated with approximately 150 mls of phosphate buffered saline (PBS) followed by 150 mls of PBS with 4% dissolved paraformaldehyde. The fixed brain was then immediately removed from the skull and the cerebral hemispheres were resected from the underlying thalamus and prepared for cutting. All tissue was placed in a 30% sucrose PBS solution and left for 48 h at 4°C for cryoprotection. Coronal sections of the right and left dLGN were cut at a thickness of 50 microns using a freezing microtome, and all tissue sections were kept in PBS containing 0.5% sodium azide until processing. A subset of dLGN sections were mounted onto glass slides, were permitted to dry overnight, and were then stained for Nissl substance using 0.1% cresyl violet acetate dye dissolved in distilled water. Nissl-stained sections of dLGN were dehydrated in ethanol, cleared in histoclear (National Diagnostics, Atlanta, GA), and then coverslipped with permount mounting medium (Fisher Scientific, Pittsburgh, PA).
A second group of dLGN sections from each animal were labeled for neurotrophin-4/5 (NT-4/5) by first placing tissue in a PBS solution containing normal goat serum (1:250) for 1 h. Sections were then transferred to PBS containing a sheep primary antibody specific to NT-4/5 (1:1000; MAB1565; Millipore, Billerica, MA) and left overnight at 4°C. Sections were then placed in PBS containing a biotinylated goat anti-sheep secondary antibody (1:500; Millipore, Billerica, MA) that targeted the primary NT-4/5 antibody. Labeling for NT-4/5 was made visible with an avidin and peroxidase-conjugated biotin kit (PK6100; Vector Labs, Burlingame, CA) that was used in conjunction with the chromogen substrate, 3,3 0 -diaminobenzidine. Sections reacted for NT-4/5 were mounted onto glass slides and allowed to air dry, were then dehydrated in ethanol, cleared in histoclear, and were coverslipped with permount mounting medium in preparation for microscopy.
Anatomical quantification
All anatomical measurements in this study were performed by a person trained in stereological methods who was completely blind to animal rearing condition, and who was not an author of this paper. Quantification of the cross-sectional area of neurone somata within A layers of the dLGN was achieved using a computerized stereology system (newCAST; VisioPharm, Denmark) connected to a BX51 compound microscope (Olympus; Markham, Canada) that was outfitted with a high-resolution monochrome Infinity3-1M digital camera (Lumenera; Ottawa, Canada). For each animal, three sections of dLGN that spanned Sanderson's coronal plane 5-7 (Sanderson, 1971) were sampled for measurement. To avoid measurements of glial cells, our selection criteria was optimized for neurones by sampling for measurement only those cells that had dark cytoplasmic and nucleolar staining, and light nuclear staining (Duffy, Holman, & Mitchell, 2014) . Using stereology software, a region-of-interest mask was drawn at low magnification to delineate A and A1 layers from selected left and right dLGN sections. Using a 60Â microscope objective, from randomly selected regions within each mask the cross-sectional area of neurone somata matching our selection criteria was measured with the nucleator stereology probe (newCAST; VisioPharm, Denmark), which had a guard depth set at 5 microns. Approximately 1000 neurones were measured from each animal. A deprivation metric (1) was used to generate a single value for each animal that represented the extent of the effect of monocular deprivation or recovery from monocular deprivation within that animal (Duffy & Slusar, 2009; Duffy et al., 2014; Mitchell et al., 2011) . In using the deprivation metric for normal animals, layer A1 from the left dLGN and layer A from the right dLGN were designated as 'deprived'.
The density of neurones immunopositive for NT-4/5 was calculated using the optical dissector stereology probe (newCAST) that enabled counting of reacted neurones from randomly sampled regions within A and A1 layers of the left and right dLGN. Neurones were counted using a 60Â objective, with a guard depth set at 5 microns, and only neurones that showed strong cytoplasmic reactivity were counted (see Fig. 2 for examples). To calculate density within each layer, immunopositive cell counts were divided by the total area sampled, and the layer densities across sections from the same animal were averaged. The extent of the effect of monocular deprivation or recovery from monocular deprivation for each animal was calculated using the deprivation metric (1) described above.
Measurement of visual acuity
Longitudinal measurements of visual acuity were made by use of a jumping stand and procedures that have been described earlier (Mitchell, Giffin, & Timney, 1977) . Recent modifications to the twoalternative forced choice procedure that emphasize those necessary for assessment of the acuity of kittens with poor vision have been described in a recent paper (Mitchell, 2013) . The parallels to clinical vision testing of humans are most obvious in situations such as those apparent in the first 2 weeks after termination of binocular eyelid suture among kittens in the IBLD group where each eye supports minimal spatial vision. In these situations kittens can only adopt non-visual strategies on the jumping stand such as side preferences and alternations. Such strategies can arise at any time when vision is poor and to mitigate against them it may be necessary to reduce the height of the jumping platform or bias its location with respect to the two stimuli, increase the number of easy visual trials, or alter the stimulus presentation sequence. For the animals of this study, training on the jumping stand could only begin during the time of monocular deprivation, and for those kittens in the IBLS condition even this training had to be curtailed during the period of binocular deprivation. Consequently, the vision of these animals may have been underestimated during the initial stages of recovery. At its core, the testing procedure retains key aspects such as the use of small steps in spatial frequency between blocks of trials that are equated on a logarithmic scale with as many as 12 steps per octave, an increase in the number of trials at higher spatial frequencies and a conservative criterion for threshold (a minimum of 7 out of 10 correct trials or a maximum of 5 correct of 5 trials at the highest spatial frequency for which criterion performance was achieved).
Results
Anatomy
From each animal in this study, sections of dLGN were stained for Nissl substance to reveal neuron somata for measurement of cross-sectional area. Unlike kittens reared with normal binocular vision that showed comparably sized neurones in left and righteye layers of the dLGN (Fig. 1A) , kittens that were monocularly deprived for 7 days had noticeably smaller neurones within deprived layers relative to non-deprived counterparts (Fig. 1B) . In animals that were monocularly deprived for 7 days and then immediately placed in complete darkness for 10 days, neurone somata in the dLGN had slightly less distinct Nissl staining compared to normals, but staining characteristics were still sufficient to judge that the overall size of somata appeared similar between initially non-deprived and initially deprived layers suggesting a recovery of initially deprived neurone soma size (Fig. 1C) . In animals monocularly deprived for 7 days and then subjected to 10 days of BLS, neurones within initially deprived dLGN layers appeared similar in size relative to those within counterpart initially non-deprived layers, indicating that BLS also promoted recovery within initially deprived layers (Fig. 1D ). Quantification Fig. 1 . Examination of the recovery of neurone soma size in the dLGN after immersion in darkness or BLS. High magnification digital photomicrographs of the right-eye (left column) and left-eye (right column) A1 layers of the dLGN in an animal reared normally (A), after 7 days of monocular deprivation (B), after 7 days of monocular deprivation followed by 10 days in darkness (C), and after 7 days of monocular deprivation followed by 10 days of BLS (D). The layers that were nondeprived or deprived during the period of monocular deprivation were designated as, respectively, 'initially non-deprived' and 'initially deprived' for the darkness and BLS conditions. Arrows point out examples of neurones fitting criteria for measurement. Calculation of the effect of monocular deprivation was achieved with a deprivation metric (see Section 2) that was used to quantify the magnitude of the difference in average neurone soma size between eye-specific layers of the dLGN for each animal in this study (E). The reduction in neuron soma size measured after 7 days of monocular deprivation recovered to within normal values (dashed line) when monocular deprivation was followed by either darkness or BLS for 10 days. Scale bar = 25 microns.
of the difference in neurone soma size between eye-specific layers in terms of a deprivation metric (see Section 2) revealed a 15% reduction in the size of deprived neurones in the group of animals monocularly deprived for 7 days (Fig. 1E) . The inter-laminar differences in soma size observed after 7 days of monocular deprivation were eliminated when monocular deprivation was followed by 10 days of darkness, or was followed by 10 days of BLS (Fig. 1E) . Statistical comparisons on the raw data (Table 2 ) using a oneway ANOVA (F (7, 24) = 1.970; P = 0.102) and Bonferroni post-hoc tests confirmed a significant difference in soma size between eye-specific layers after monocular deprivation (p < 0.05), but no difference was found when monocular deprivation was followed by darkness or by BLS (both p > 0.05), indicating that the size of neurones in the initially deprived layer recovered in both situations to match the size of neurones in counterpart non-deprived layers. Compared to normal controls, the soma sizes measured from initially deprived dLGN layers in the darkness and BLS groups were not different (p > 0.05 for both), revealing that the equalization of soma area between initially deprived and initially nondeprived layers was the result of somal growth in initially deprived layers rather than somal atrophy within initially non-deprived layers.
In an attempt to understand the neural events underlying recovery of dLGN cell size observed after darkness or BLS, we examined immunolabeling for a growth factor, NT-4/5, which has been linked to deprivation-induced plasticity in the kitten visual cortex and ferret dLGN (Gillespie, Crair, & Stryker, 2000; Riddle, Lo, & Katz, 1995) . In normal animals, NT-4/5 labeling was heaviest within cell somata, and within some cells labeling was particularly dense within the nucleus, which enabled ready identification of NT-4/5 positive cells for counting ( Fig. 2A) . After 7 days of monocular deprivation there was a decrease in the number of NT-4/5 labeled cells within deprived-eye dLGN layers (Fig. 2B) . In animals that were monocularly deprived and then placed in complete darkness we observed recovery of the number of NT-4/5-positive cells within initially deprived dLGN layers compared to those in initially non-deprived layers (Fig. 2C) . Within the dLGN of animals that received BLS after monocular deprivation we also observed a recovery of NT-4/5 labeling within initially deprived layers in com- Fig. 2 . Investigation of NT-4/5 labeling in the dLGN after immersion in darkness or BLS. High magnification digital photomicrographs of the right-eye (left column) and left-eye (right column) dLGN A1 layers after normal rearing (A), after 7 days of monocular deprivation (B), after 7 days of monocular deprivation followed by 10 days in darkness (C), and after 7 days of monocular deprivation followed by 10 days of BLS (D). The layers that were non-deprived or deprived during the period of monocular deprivation were designated as, respectively, 'initially non-deprived' and 'initially deprived' for the darkness and BLS conditions. Calculation of the effect of monocular deprivation was achieved with a deprivation metric (see Section 2) that was used to quantify the magnitude of the difference in density of NT-4/5-positive neurones between eye-specific layers of the dLGN for each animal in this study (E). The reduction in the density of NT-4/5-positive neurones measured in deprived layers after 7 days of monocular deprivation was reversed so that the density of labeled neurones in initially deprived layers was significantly greater after 10 days of darkness, and after BLS the density of labeled neurones recovered fully and was not significantly different from normal values (dashed line). Scale bar = 25 microns. parison to counterpart initially non-deprived layers (Fig. 2D) . Quantification of the difference in density of NT-4/5-positive cells between eye-specific layers (Table 2) in terms of the deprivation metric revealed a 30% reduction within deprived layers in the group of animals monocularly deprived for 7 days (Fig. 2E) . The difference in NT-4/5-positive cell density measured after monocular deprivation was reversed after 10 days of darkness so that the number of reactive cells was increased (by approximately 15%) in initially deprived layers relative to initially non-deprived layers. When monocular deprivation was followed by BLS there was also reversal, however, initially deprived layers showed only a slight increase (approximately 7%) in NT-4/5-positive neuron density relative to initially non-deprived layers. Statistical comparisons using a one-way ANOVA (F (3, 12) = 111.4; P < 0.001) and Bonferroni posthoc tests confirmed a significant reduction in NT-4/5-positive cell density within deprived layers after monocular deprivation (p < 0.05). In comparison to normal animals, monocular deprivation that was followed by 10 days of darkness produced a significant increase in NT-4/5-positive cell density within initially deprived layers (p < 0.05), and when monocular deprivation was followed by BLS cell density was not different from normal (p > 0.05).
Behavior
The considerable anatomical recovery (O'Leary et al., 2012) that occurs in the dLGN following a prior period of monocular deprivation upon simple restoration of simultaneous vision to both eyes necessitated the use of different rearing conditions for animals included in the anatomical and behavioral studies. Because the large anatomical changes observed in the situation of binocular recovery would mask any additional recovery that might occur after a subsequently imposed period of darkness or BLS, anatomical comparison of the relative effectiveness of the latter two procedures were studied only in relation to the situation where either of the two manipulations were imposed immediately after the period of MD. In contrast, the behavioral studies also included examination of the effects of delayed imposition of BLS at a time when a stable amblyopia had developed. This rearing condition represents a close parallel with most clinical situations as treatment is typically attempted long after amblyopia has become established.
Immediate BLS
The prior findings (Duffy & Mitchell, 2013) from animals that had been placed in darkness immediately after the period of MD were very surprising as the animals initially appeared blind in both eyes upon emergence from darkness. However, the vision of both eyes improved very gradually afterwards in parallel with each other to attain normal levels in about 7 weeks. At no time did animals manifest vision in the eye deprived during the prior period of MD poorer than that of the fellow eye. Stated another way, a period of darkness imposed immediately after an amblyogenic event appeared to insulate against the development of amblyopia. On the other hand, the results obtained from the 4 animals that received BLS instead of darkness immediately after the period of MD were in most respects very different.
The results of longitudinal measurements of both the binocular visual acuity and that of the deprived eye following the period of BLS are shown for two of the animals in Fig. 3 . Because the periods of MD and BLS were contiguous it was not possible to obtain measures of the vision of the deprived eye and hence the depth of the amblyopia at the end of the period of MD at the time that BLS was imposed. Nonetheless, it was apparent that the immediate effects of BLS were nearly as profound as those observed earlier in animals that had instead been placed in darkness (Duffy & Mitchell, 2013) . Whereas animals in the latter situation appeared completely blind with both eyes open, the two animals displayed in Fig. 3 appeared to possess the ability to make luminance discriminations because they were able to distinguish an open from a closed door on the jumping stand. One animal (C249 of Fig. 3 ) appeared blind with the eye deprived during the prior period of MD indicating that the vision of this eye was worse than that of the fellow eye. The acuity of the deprived eye remained poorer than that of the fellow eye for about two months but after it matched the poor acuity of the fellow eye there was little further improvement in the acuity of either eye. Three months after termination of the period of BLS the acuity of the two eyes appeared to stabilize at values that were 4.6-14.8 times lower than the average acuity (6.5 cycles/deg) achieved by normal animals at an equivalent age and tested in a similar manner.
While the initial outcome for the vision of both eyes after BLS was similar to that observed when complete darkness immediately followed monocular deprivation (Duffy & Mitchell, 2013) , only in the latter situation did the vision of the two eyes recover to normal levels, albeit over a 7-week period. By contrast, after BLS the vision of both eyes improved only a little in the ensuing 3 months. The very different eventual outcomes begged the question of whether the latter animals would benefit from a 10-day period of complete darkness. This possibility was examined in all 4 animals that were placed in darkness about 3 months (86-102 days) after the end of the period of BLS at P135-P148 days of age. The very different response to the two interventions are made evident in Fig. 3 where in contrast to the depressed vision of both eyes after BLS and the minimal recovery afterwards, following the subsequent period of darkness the vision of both eyes improved steadily to normal levels. The fastest such recovery was observed with the animals whose results are displayed in Fig. 3 , for which the visual acuity of the two eyes recovered to normal in 64 (C252) or 73 (C249) days. As noted in Table 2 , the recovery was slower for the other two animals (187 and 230 days). The speed of recovery after the period of darkness was considerably slower, by a factor of 9-30 than the 7 days observed earlier (Duffy & Mitchell, 2013) in animals that received no prior period of BLS and which also were placed in darkness 6-8 weeks earlier.
Delayed BLS
The timing of the period of monocular deprivation and the delay prior to imposition of BLS matched the conditions employed in our prior study (Duffy & Mitchell, 2013) of the consequences for vision of immersion in complete darkness. However, the results of the two manipulations were very different; whereas darkness promoted fast and complete recovery of the visual acuity of the deprived eye to normal levels, BLS produced no such benefits. The results of longitudinal measurements of the visual acuity of the deprived eye (open symbols) of a representative animal (C251) is shown in Fig. 4 . Data are displayed from a week before the period of BLS and continue through both the subsequent 4 weeks of recovery and the 10 days of complete darkness imposed at P135 days. The results of occasional measurements of the binocular visual acuity that reflect the visual acuity of the non-deprived eye are displayed by the filled square symbols. The period of BLS had minimal effect on the acuity of either eye; the binocular visual acuity remained unimpaired and the visual acuity of the deprived eye improved only very slightly in the ensuing 4 weeks. Whereas the lack of any effect on the binocular visual acuity was the same as that observed previously in animals placed in darkness at the same age (P96), the consequences for the vision of the deprived eye were very different as BLS resulted in little change in the acuity of this eye.
The lack of any change in the vision of the deprived eye following BLS in comparison to the rapid and seemingly complete recovery observed after darkness imposed at an equivalent age begged the question of whether the vision of this eye would improve if the animal was placed in darkness. In view of preliminary and as yet unpublished observations that suggest that the substantial effects of darkness may only occur within an as yet undetermined critical period, the kitten was placed in darkness only 4 weeks after the end of the period of BLS. Despite the age of the kitten when darkness was imposed (135 days), the vision of the deprived eye improved substantially and rapidly to normal levels in 2 weeks without any decrement in the vision of the other eye. Although comparable findings were observed in the 3 other animals, there was substantial variation in the speed with which the vision of the deprived eye recovered after the period of darkness. The overall similarity of the results among the 4 animals is made evident by the data displayed in Table 3 , which shows acuities of each eye at equivalent stages in each animal's rearing history. The Table also reveals the different speed of recovery of the acuity of the deprived eye after imposition of the period of darkness that ranged from 14 to 89 days; however, despite the variation in the speed of recovery, the vision of the deprived eye of all 4 animals recovered eventually to normal levels. That the acuity of the deprived eye finally recovered to normal levels after the period of darkness but changed very little after the prior period of BLS, even though the latter was imposed earlier in life, highlights the essential differences between the consequences of the two manipulations.
Discussion
In this study we examined BLS in kittens as a possible binocular occlusion treatment for the detrimental effects of monocular deprivation. Our motivation to promote recovery with BLS originates with the discovery that kittens placed in complete darkness exhibit rapid and complete recovery from monocular deprivation (Duffy & Mitchell, 2013; O'Leary et al., 2012) . We reasoned that relative to dark rearing, occlusion of both eyes could provide a more practical means of establishing a sufficient level of binocular balance to Fig. 3 . The effects of a period of BLS imposed immediately following a period of monocular deprivation on the visual acuity of the deprived eye. The specific rearing histories of two kittens (C252 and C249) are indicated in schematic form at the top of the figure. Both kittens experienced a 10-day period of BLS (dot shading) immediately following 7 days of monocular deprivation (diagonal hatching), and were then placed in complete darkness for 10 days (black shading) at either PND135 (C252) or PND149 (C249). Visual acuity of the deprived eye is depicted by open circles, while filled symbols indicate the visual acuity of the non-deprived eye as assessed from either measurements of binocular visual acuity (squares) or from monocular measurements (circles). Brackets to the right of each graph indicate the normal range of acuities measured from normal animals of equivalent age by use of identical methods. Following the period of BLS, the vision of both eyes was poor and thereafter only very limited recovery was observed in the acuity of either eye. However, following a subsequent period of darkness the acuity of both eyes recovered to normal levels. Fig. 4 . The effects of a period of BLS delayed with respect to a period of monocular deprivation on the visual acuity of the deprived eye. The visual acuity of the deprived eye (open circles) of the male kitten C251 before and after a 10-day period of BLS imposed from PND 96-106 followed by a similar period of complete darkness imposed from PND 135-145. The filled symbols depict the visual acuity the acuity of the non-deprived eye as assessed from either measurements of binocular visual acuity (squares) or from monocular measurements (circles). The bracket to the right of the graph indicates the normal range of acuities measured on normal animals of equivalent age by use of identical methods. The rearing history of C251 is shown in schematic form at the top of the figure and indicates the time intervals during which the animal experienced periods of respectively, monocular deprivation (diagonal hatching), BLS (dot shading) and complete darkness (black shading). Note that the period of BLS had minimal effect on the acuity of the deprived (amblyopic) eye while the subsequent period of darkness promoted rapid recovery of the acuity of this eye to normal levels in 14 days. stimulate neural and behavioral recovery. The reduction in dLGN neurone soma size produced by 7 days of monocular deprivation was fully recovered after 10 days spent in complete darkness or by an equivalent period of BLS. We also observed that loss of NT-4/5 labeling in deprived layers of the dLGN after monocular deprivation was recovered with either dark-rearing or BLS, and the former condition produced a significant increase in NT-4/5 labeling within the initially deprived layers. Despite the pronounced anatomical recovery observed with BLS, no recovery of visual acuity was measured when BLS immediately followed monocular deprivation (IBLS group) or when BLS followed monocular deprivation after a delay (DBLS group); however, subsequent immersion in darkness produced recovery in both BLS rearing groups.
Recovery of dLGN neurone size in monocularly deprived animals occurred either when visually-driven activity was eliminated for both eyes with complete darkness or when visual form vision was simultaneously impoverished and balanced for the two eyes with BLS. The recovery of neurone size observed in both conditions therefore appears to require removal of the competitive disadvantage of the deprived eye, revealing that engagement of the underlying recovery processes is flexible in terms of the quality of visual experience so long as the experience is binocularly balanced. To better understand the neural events mediating the recovery and growth of neurones in both recovery conditions, we assessed dLGN sections that were immunolabeled for the growth factor NT-4/5. Evidence for an important role of NT-4/5 has been previously provided for the development of two major systems of cortical organization in the kitten visual cortex, namely ocular dominance columns (Cabelli, Hohn, & Shatz, 1995) , and the precise connectivity underlying cortical orientation maps (Gillespie et al., 2000) . Furthermore, the dystrophic effects of monocular deprivation are blocked with exogenous cortical infusion of NT-4/5 (Riddle et al., 1995) , implicating reduced levels of NT-4/5 as the possible source of deprivation-induced atrophy of dLGN neurones. Our finding that NT-4/5 labeling is reduced in deprived-eye dLGN layers provides support for the assumption that the competitive disadvantage created by reduced deprived-eye activity limits access to corticallyderived NT-4/5 and creates a dystrophic state for deprived neurones. The recovery of NT-4/5 immunolabeling that we measured in the dLGN in monocularly deprived kittens placed in darkness or subjected to BLS suggests that increasing the level of NT-4/5 can reverse the atrophy of deprived dLGN neurones in addition to blocking atrophy from occurring in the first place as has been shown in ferrets (Riddle et al., 1995) . The higher amount of NT-4/5 labeling observed in initially deprived layers after darkness may confer a higher capacity for plasticity compared to BLS, and this difference may help to explain the visual recovery achieved with dark-rearing but not BLS.
The behavioral results of this study were quite clear as they demonstrated that the remarkable ability of a period of darkness to either insulate against the development of amblyopia or restore vision when it has occurred were not duplicated by identical periods of BLS. Whereas darkness results in a complete removal of visually-driven neural activity from both eyes, the transmission of low spatial frequency information through the eyelids after BLS may lead at best to partly balanced visually-driven neural activity from the two eyes. It appears that the quality of visual experience provided by BLS sets an abnormal developmental course that precludes orchestration of the appropriate molecular events required to support behavioral recovery. The complete absence of visually-driven experience may engender a reversion of development (Mower et al., 1981) that enhances the capacity for plasticity and thereby facilitates recovery, or the lack of experience-driven activity may stimulate a compensatory response in the visual system that circumvents the obstacles blocking visual recovery with BLS or restoration of binocular visual input. From the viewpoint of a possible treatment for human amblyopia, these results indicate that the beneficial effects of darkness may not be duplicated by simple forms of binocular translucent bandaging that allows transmission of some light and spatial information.
A remarkable feature of the results from both groups of animals was that prior treatment by BLS did not appear to prevent successful outcomes from later imposition of a period of darkness. This outcome was particularly noteworthy for animals that received BLS immediately after the initial period of monocular deprivation where BLS resulted in poor vision in both eyes. The vastly different outcomes between BLS and darkness when applied in the same animals highlights the fact that the latter serves to trigger different neural events than the former in the visual pathways. These two different forms of binocular deprivation are known to create different physiological states in which after prolonged BLS there is a high incidence of cells in the visual cortex that are rendered unresponsive, with unmappable receptive fields (Kaye, Mitchell, & Cynader, 1982; Mower et al., 1981; Wiesel & Hubel, 1965a) and with reduced populations of binocularly responsive cells (Mower et al., 1981) . However, kittens reared for extended periods in darkness show a smaller deviation from normal as they maintain a large population of binocularly responsive cells in the visual cortex, and cells remain responsive to visual stimulation (Buisseret & Imbert, 1976; Mower et al., 1981) . Interestingly, neurophysiological characteristics of the visual cortex examined in dark-reared cats have been reported to be reminiscent of an earlier developmental state (Mower et al., 1981) . Indeed, cats reared for extended periods in darkness retain a high, juvenile-like capacity for monocular deprivation-induced ocular dominance plasticity in comparison to cats subjected to prolonged BLS that showed little capacity for such neural modification (Cyndader & Mitchell, 1980; Mower et al., 1981; Wiesel & Hubel, 1965b) . Revealing the molecular signature of dark-rearing in relation to other recovery conditions such as BLS that do not promote behavioral recovery will play an important role in building an understanding the mechanisms of recovery. A possible contributor to dark-induced recov- ery is the intermediate cytoskeletal protein, neurofilament, which confers enhanced neural structural stability consistent with it acting to reduce the capacity for plasticity (Morris & Lasek, 1982; Smith, 1973) . Whereas dark-rearing reverses the natural accumulation of neurofilament in the visual cortex and LGN, and therefore presumably enhances the capacity for structural plasticity (Duffy & Mitchell, 2013; O'Leary et al., 2012) , BLS does not precipitate a reduction in neurofilament (Kutcher & Duffy, 2007) . Other plasticity-related braking factors such as lynx-1 (Morishita, Miwa, Heintz, & Hensch, 2010) , chondroitin sulfate proteoglycans (Pizzorusso et al., 2002) , or myelin-derived factors such as Nogo and its receptor (McGee, Yang, Fischer, Daw, & Strittmatter, 2005) that have been associated with recovery from visual deprivation may also be selectively modified in the context of darkness. Although the current study focused on examining eye-specific changes within the dLGN, it is important to indicate that the constellation of molecular events mediating recovery in the context of darkness very likely extends beyond the dLGN to include visual areas within the cortex. The growth and recovery of neurones within initially deprived dLGN layers following darkness and BLS indicates that the recovery of neurone size requires restoration of balanced activity between the eyes, which is achieved by both rearing conditions, but the anatomical recovery stimulated by BLS is insufficient to support normal vision. Although the recovery of neurone size in the dLGN may remain a requisite step in the process of behavioral recovery, the neural events or guiding principles inherent in these recovery conditions are likely quite different. Key to the eventual understanding of the different outcomes with respect to recovery from monocular deprivation may be the fact that darkness results in a complete absence of the visually-driven neural activity that may modulate different patterns of gene activation during periods of early postnatal development of the visual pathways. For instance, reversal or stalling of the accumulation of molecules such as chondroitin sulfate proteoglycans (Pizzorusso et al., 2002) , receptor binding proteins (Morishita et al., 2010) or myelin-related proteins (McGee et al., 2005) that have been linked to the enhancement of plasticity in the visual system may require balanced elimination of all visually-driven activity, which would occur only in darkness or perhaps with a light-tight occlusion device. 
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